Introduction
============

Chemotherapy is the treatment of cancer with cytotoxic antineoplastic drugs. It is given to patients for treatment, or it may aim to prolong lifetimes or to palliate cancer symptoms. Traditional chemotherapy has limitations such as immunosuppression,[@b1-ijn-9-351] mucositis,[@b2-ijn-9-351] and alopecia.[@b3-ijn-9-351] These limitations are due to the nonselectivity of antineoplastic drugs, thus affecting normal cells as well as cancerous cells. This has encouraged pioneering therapeutic strategies where the drug is delivered at a targeted cancer site.[@b4-ijn-9-351],[@b5-ijn-9-351] Targeted drug delivery is the best way to accumulate active drug molecules in pathological areas and minimize the side effects of antineoplastic drugs.[@b6-ijn-9-351] Due to their ability to penetrate cells and possess prolonged circulation times, nanoparticles have extensive potential for chemotherapeutical applications. In this regard, superparamagnetic iron oxide magnetic nanoparticles (MNPs) and other nanoparticles coated with polymers have received considerable attention in the biomedical field.[@b7-ijn-9-351],[@b8-ijn-9-351] The application of magnetic nanoparticles in drug delivery systems depends on the use of an external magnetic field to avoid problems associated with traditional chemotherapy.[@b9-ijn-9-351]--[@b11-ijn-9-351] Coated magnetic nanoparticles loaded with anticancer drugs can then be injected into the patient's body via the circulatory system to develop a highly desirable on-demand drug delivery system. By using an external magnetic field, the nanoparticles, and thus drug, can localize only to tumor cells, and then the drug can be released locally from the nanocarriers to enter the cells. It has been shown that such magnetic nanoparticles caused a complete reduction in tumor cells without any negative side effects.[@b10-ijn-9-351],[@b12-ijn-9-351]

Such work in cancer has forged a pathway to use magnetic nanoparticles for other medical applications. For example, several studies on model drug-loaded MNPs have been reported, including doxorubicin,[@b13-ijn-9-351]--[@b16-ijn-9-351] 5-aminosalicylic acid,[@b17-ijn-9-351] insulin,[@b18-ijn-9-351] 10-hydroxy camptothecin,[@b19-ijn-9-351] gallic acid,[@b20-ijn-9-351] folic acid,[@b21-ijn-9-351] diclofenac sodium,[@b22-ijn-9-351] and dexamethasone.[@b23-ijn-9-351] It has been found that superparamagnetic MNPs are predisposed to aggregate due to strong dipole--dipole attractions. So, the modification of the surface of the superparamagnetic MNPs with biocompatible and biodegradable polymers can minimize their agglomeration while serving as a drug carrier. These polymers include chitosan (CS) and its derivatives, polysaccharides, and polyethylene glycol (PEG).

Along these lines, kojic acid (KA) (5-hydroxy-2-hydroxymethyl-4-pyranone), a secondary metabolite, is one of the oldest identified (dating back to 1903) natural antibiotics produced by filamentous fungi and bacteria of many species of *Aspergillus*, and *Penicillium,* and *Aceto-bacter*.[@b24-ijn-9-351]--[@b27-ijn-9-351] KA is a natural compound of interest due to its low side effects and its polyfunctional structure that allows the development of a variety of biologically active compounds and pharmaceuticals.[@b28-ijn-9-351],[@b29-ijn-9-351] KA[@b30-ijn-9-351] and its derivatives have been used in a variety of medical, food, agricultural, and industrial applications, such as an antibrowning agent (antispeck) and antioxidant;[@b31-ijn-9-351]--[@b33-ijn-9-351] for skin care, antiacne, and cosmetic applications due to its potent skin lightening/depigmenting properties,[@b34-ijn-9-351]--[@b37-ijn-9-351] and used for herbicide, insecticide, pesticide,[@b38-ijn-9-351]--[@b41-ijn-9-351] antidiabetic,[@b42-ijn-9-351] antitumor,[@b43-ijn-9-351] antiproliferative,[@b44-ijn-9-351] anticonvulsant,[@b31-ijn-9-351] and antimicrobial (including both antibacterial and antifungal) activities.[@b29-ijn-9-351],[@b45-ijn-9-351]--[@b48-ijn-9-351] In addition, it has also been shown that KA significantly enhances neutrophil phagocytosis and lymphocyte proliferation.^49^,[@b50-ijn-9-351]

In this study, we have incorporated CS and PEG on the surface of MNPs as a first attempt to use them in antibacterial applications. Due to the importance of KA (and its derivatives) in antibacterial applications, as shown from the previous pharmacological studies, KA was chosen as the model active substance in this study. Thus, the aim of the study was to synthesize and characterize novel magnetic nanocomposites containing KA and study their release profile as well as to investigate the antimicrobial activity of these novel magnetic nanocomposites.

Materials and methods
=====================

Materials
---------

All chemicals used in this study were reagent grade and were used as such without purification. Ferrous chloride tetrahydrate (FeCl~2~ · 4H~2~O) (\>99%), ferric chloride hexahydrate (FeCl~3~ · 6H~2~O) (99%), and streptomycin sulfate were obtained from Merck KGaA (Darmstadt, Germany). Low molecular weight CS (deacetylation 75%--85%), PEG, KA (\>98% purity; molecular weight 142.11 g/mol), and ampicillin were purchased from Sigma-Aldrich (Saint Louis, MO, USA) and were used as such without any pretreatment. Acetic acid (99.8%) was purchased from Hamburg Industries, Inc (Hamburg, Germany). Deionized water was used for all the experiments.

Preparation of MNPs
-------------------

The MNPs were prepared by a coprecipitation method as previously described.[@b32-ijn-9-351],[@b33-ijn-9-351] The MNPs were prepared by mixing solutions of Fe^2+^ (0.15 mol) and Fe^3+^ (0.3 mol) in 40 mL of deionized water. The Fe ion solutions were added to a solution of NaOH (2 mol) and the pH value of the solution was kept above 10. The MNPs precipitates were produced according to the reaction,
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The solution was sonicated for 60 minutes at room temperature. Finally, the precipitates were collected by centrifugal separation and were separately washed three times with deionized water.

Preparations of CS-MNPs and PEG-MNPs
------------------------------------

MNPs surfaces were modified using CS and PEG polymers and were prepared as follows: the CS solution was prepared by dissolving 0.5 g of CS powder in a 1% acetic acid solution. Similarly, the PEG solution was prepared by dissolving 0.5 g of the polymer into 100 mL of water. CS coated magnetic nanoparticles (CS-MNPs) and PEG coated magnetic nano-particles (PEG-MNPs) were prepared by mixing CS and PEG solutions (40 mL), respectively, with a 10 mL suspension of Fe~3~O~4~ nanoparticles (50 mg/mL). The mixtures were stirred for 18 hours. Coated particles were separated by a permanent magnet and dried at 70°C for 2 hours.

Preparation of KA-CS-MNPs and KA-PEG-MNPs nanocomposites
--------------------------------------------------------

KA-CS-MNPs (kojic acid-loaded chitosan coated magnetic nanoparticles) and KA-PEG-MNPs (kojic acid-loaded PEG coated magnetic nanoparticles) nanocomposites were prepared by mixing 5 mg/mL of KA with a known weight of each CS-MNPs and PEG-MNPs nanoparticles (40 mg/mL). The solutions were magnetically stirred at room temperature for 18 hours to facilitate the uptake of KA. Next, the products were separated using a permanent magnet.

Loading and release amounts of KA from KA-CS-MNPs and KA-PEG-MNPs nanocomposites
--------------------------------------------------------------------------------

The percentage of KA loaded in the nanocomposite was measured spectrophotometrically. A measure of 5 mg of the nanocomposite was dissolved in concentrate HCl/HNO3, then the amount of the KA in the sample was measured using UV-VIS spectroscopy. KA release profiles from the nanocomposites were determined at room temperature using a phosphate-buffered saline solution (PBS) at a concentration of 0.01 M at pH 7.4. About 85 mg of the nanocomposites were added to 500 mL of the PBS media. The cumulative amount of KA released into the solution was measured at preset time intervals at *λ*~max~ =218 nm using a UV-Vis spectrophotometer, model Lambda 35 (Perkin Elmer, Waltham, MA, USA). To compare the release rate of KA from KA-CS-MNPs and KA-PEG-MNPs nanocomposites with the physical mixture which contained KA with polymers and MNPs, approximately 1.0 mg of the physical mixture was obtained by mixing 0.14 mg KA with the 0.05 mg CS and 0.81 mg MNPs. In addition, 0.11 mg of KA was mixed with 0.17 mg PEG and 0.73 mg MNPs, which was used to compare with the release from the KA-PEG-MNPs. The release of the active KA was determined as described above.

Antimicrobial activity of KA nanocomposites
-------------------------------------------

Two Gram-positive bacteria (methicillin-resistant *Staphylococcus aureus* and *Bacillus subtilis*) and one Gram-negative species (*Salmonella enterica*) were used to test the ability of the synthesized nanocomposites to inhibit bacteria and fungi. The microbial cultures were obtained from the microbial culture collection unit (UNiCC, Institute of Bioscience, Universiti Putra Malaysia). Bacterial cultures were maintained on Luria--Bertani (LB) agar (Sigma-Aldrich). Prior to incubation with the novel nanoparticles, bacteria were cultured overnight in 5 mL of LB broth (Sigma-Aldrich) in a Certomat BS-T incubation shaker (Sartorius, Goettingen, Germany) at 37°C, set to 150 rpm until the culture reached an optical density at a wavelength of 600 nm of 1.0 (Spekol UV VIS 3.02; AnalytikJena, Jena, Germany), corresponding to 10^8^ CFU/mL.

The antimicrobial activities of the synthesized nanocomposites were evaluated against the aforementioned bacteria using the agar diffusion (cup diffusion) method according to the Clinical and Laboratory Standards Institute guidelines.[@b51-ijn-9-351] Briefly, a volume of 20 mL of liquid Mueller Hinton agar (pH 7.3±0.2 at 25°C) was poured onto disposable sterilized Petri dishes and allowed to solidify. The surfaces of the solidified agar plates were allowed to dry in the incubator prior to streaking of microorganisms onto the surface of the agar plates. Next, 100 μL of the microbial culture suspensions in LB broth was streaked over the dried surface of the agar plate and spread uniformly using sterilized glass rods and allowed to dry before use. The nanocomposites were suspended in sterilized distilled water. Next, wells were made at equal distances in the agar plates using a sterilized cork borer and were filled with the corresponding nanocomposite suspensions (150 μL), and the same concentration (100 μg/mL) of KA and control antibiotics (ampicillin for Gram-negative and streptomycin for Gram-positive) was added to a separate well. To test the antimicrobial effect of the nanocomposites after release, the nanocomposites were suspended in PBS, and the test was repeated as described above. The experiment was carried out in triplicate, and the diameters of the zones of inhibition were measured to the nearest millimeter after 24 hours of incubation at 37°C.

Instrumentation
---------------

Powder X-ray diffraction (XRD) patterns were used to determine the crystal structure of the samples in the range of 20--70 degrees on an XRD-6000 diffractometer (Shimadzu, Tokyo, Japan) using CuK~α~ radiation (λ 1.5406 Å) at 30 kV and 30 mA. Fourier transform infrared spectroscopy (FTIR) spectra of the materials were recorded over the range of 400--4,000 cm^−1^ on a Thermo Nicolet Nexus, Smart Orbit spectrometer using the potassium bromide disc method. Thermogravimetric analysis (TGA) was carried out using a Metter-Toledo 851e instrument (Greifensee, Switzerland) with a heating rate of 10°C/minute in 150 μL alumina crucibles and in the range of 30°C--900°C. Scanning electron microscopy (SEM) was used to observe the surface morphology of the samples using a NOVA™ NanoSEM 230 (FEI, Hillsboro, OR, USA) scanning electron microscope. Magnetic properties were evaluated by a Lakeshore 7404 vibrating sample magnetometer (Westerville, OH, USA). An ultraviolet-visible spectrophotometer (Perkin Elmer) was used for the controlled release study.

Results and discussion
======================

XRD
---

The XRD patterns of the prepared MNPs as well as KA-CS-MNPs and KA-PEG-MNPs nanocomposites are shown in [Figure 1A](#f1-ijn-9-351){ref-type="fig"}--[C](#f1-ijn-9-351){ref-type="fig"}, respectively. [Figure 1A](#f1-ijn-9-351){ref-type="fig"} shows six characteristic peaks for MNPs marked by their indices 220, 311, 400, 422, 511, and 440 which appeared at 2θ =30.1°, 35.4°, 43.2°, 53.4°, 57.0°, and 62.6°, respectively, which suggests the formation of spinel structure of iron oxide (magnetite-Fe~3~O~4~).[@b1-ijn-9-351],[@b25-ijn-9-351] These were observed also for both nanocomposite samples in [Figure 1B](#f1-ijn-9-351){ref-type="fig"} and [C](#f1-ijn-9-351){ref-type="fig"}, which indicates that the coating of both polymers and drug loading process did not result in any phase change for the MNPs.

The mean grain size was calculated using the Debye-- Scherrer formula as shown in the equation,
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where D is average grain size, *k* is Scherrer constant (0.89), *λ* is the X-ray diffraction wavelength (0.15418 nm), *β* is the peak width of half maximum intensity, and *θ* is the Bragg diffraction angle. The estimation of the average crystal size for the KA-CS-MNPs and KA-PEG-MNPs nanocomposites were calculated to be 19.2 nm and 16.7 nm, respectively.

FTIR
----

FTIR spectra for MNPs, KA-CS-MNPs, KA-PEG-MNPs, and free KA drug are shown in [Figure 2](#f2-ijn-9-351){ref-type="fig"}. The MNPs in [Figure 2A](#f2-ijn-9-351){ref-type="fig"} showed an absorption band at 565 cm^−1^, which is due to the stretching of Fe-O in Fe~3~O~4~. However, this characteristic band of Fe-O was shifted to 579 cm^−1^ and 578 cm^−1^ for KA-CS-MNPs and KA-PEG-MNPs, respectively. This result confirmed the presence of magnetite nanoparticles.[@b52-ijn-9-351]

The FTIR spectra for KA-CS-MNPs and KA-PEG-MNPs nanocomposites showed the characteristic bands for CS and PEG, respectively, proving that magnetite nanoparticles were successfully coated with CS and PEG. For example in the KA-CS-MNPs nanocomposite, a band around 1,563 cm^−1^ was assigned to NH~3~^+^.[@b53-ijn-9-351] The bands at 1,153 cm^−1^ are due the C-N stretch in CS.[@b52-ijn-9-351] The FTIR spectra of the KA-PEG-MNPs nanocomposite are shown in [Figure 2C](#f2-ijn-9-351){ref-type="fig"}. The bands around 2,921 cm^−1^ and 950 cm^−1^ were due to −CH~2~ stretching vibrations and −CH out-of-plane bending vibrations, respectively.[@b54-ijn-9-351] The −CH~2~ and −CH bands are strong evidence that PEG covered the nanoparticle surface.

The appearance of KA bands in KA-CS-MNPs and KA-PEG-MNPs nanocomposites confirmed the loading of KA on the CS-MNPs and PEG-MNPs nanoparticle surface; for example, there is a band at 1,634 cm^−1^. In addition, the band at 1,610 cm^−1^, which relates to the C=O of free KA was shifted to 1,563 cm^−1^ and 1,568 cm^−1^ in KA-CS-MNPs and KA-PEG-MNPs nanocomposites, respectively. This shifting was due to the loading of KA and binding with polymers by hydrogen bonds.

[Figure 3](#f3-ijn-9-351){ref-type="fig"} shows the interaction between the MNPs and the polymers, and it is clear that the MNPs interacted with CS by the glycosidic bonds,[@b19-ijn-9-351] whereas it interacted with PEG by hydrogen bonds. In addition, the KA drugs interacted with both polymers by hydrogen bonds.

TGA
---

The thermal behavior of the MNPs before and after polymer coating and KA loading was further examined using TGA. The thermal analyses of MNPs, CS-MNPs, and KA-CS-MNPs are shown in [Figure 4A](#f4-ijn-9-351){ref-type="fig"}, and the thermal analyses of MNPs, PEG-MNPs, and KA-PEG-MNPs are shown in [Figure 4B](#f4-ijn-9-351){ref-type="fig"}. For MNPs, two main thermal events were clearly observed. The first event, which occurred in the region of 30°C--220°C, was attributed to the removal of surface hydroxyl groups and/or adsorbed water with a 3.9% weight loss.[@b12-ijn-9-351] This was followed by the second stage at 220°C--850°C with a 1.9% weight loss. The thermal analyses for CS-MNPs and PEG-MNPs showed a slight weight loss up to 260°C, which probably was due to the adsorbed water. Significant weight loss for CS-MNPs and PEG-MNPs was noticed between 260°C and 620°C, with 7.2% and 9.4% weight loss, respectively. These significant weight losses were attributed to the decomposition of CS and PEG polymers which absorbed on the surface of MNPs (see inset curve for [Figure 4A](#f4-ijn-9-351){ref-type="fig"} and [B](#f4-ijn-9-351){ref-type="fig"}). By comparing the weight loss curves of CS-MNPs and PEG-MNPs nanocomposites with MNPs, the data suggested that the amount of CS and PEG in CS-MNPs and PEG-MNPs was estimated at 5.3% and 7.5%, respectively.

TGA thermal analysis can be used to also confirm the loading of KA at the surface of CS-MNPs and PEG-MNPs. A significant weight loss was noticed between 260°C and 600°C, with 20.7% and 19.9% total weight loss for KA-CS-MNPs and KA-PEG-MNPs, respectively. This weight loss is attributed to the decomposition of polymers and KA drugs.

The ultraviolet-visible spectrometry results, which were used to calculate the loading of KA in the final nanocomposites, gave 12.2% and 8.3% for the KA-CS-MNPs and KA-PEG-MNPs nanocomposites, respectively (data not shown).

Measurement of magnetic properties
----------------------------------

The results in [Figure 5](#f5-ijn-9-351){ref-type="fig"} show a typical magnetization (M~s~) versus the applied magnetic field plot at room temperature for MNPs, KA-CS-MNPs, and KA-PEG-MNPs nanocomposites. The M~s~ curves of MNPs showed superparamagnetic properties (ie, no remanence effect) and saturation M~s~ of about 30.5 emu/g. As can be seen from [Figure 5](#f5-ijn-9-351){ref-type="fig"}, similar to magnetite particles, KA-CS-MNPs and KA-PEG-MNPs nanocomposites also indicated a zero remanence M~s~ and coercivity, thus suggesting that the superparamagnetic behavior is still retained with the nanocomposite materials. The saturation M~s~ for KA-CS-MNPs and KA-PEG-MNPs nanocomposites were approximately 8.1 emu/g and 26.4 emu/g, respectively. It can be seen from [Figure 5](#f5-ijn-9-351){ref-type="fig"} that the M~s~ of the MNPs decreased in the final products. The decrease in M~s~ value is only due to the exchange of electrons between the surface of Fe atoms with the CS and PEG polymers,[@b55-ijn-9-351]--[@b57-ijn-9-351] providing further supporting evidence that the coating of CS and PEG did occur on MNPs.

SEM analysis
------------

The SEM images of the pure MNPs and the KA-CS-MNPs and KA-PEG-MNPs nanocomposites are shown in [Figure 6](#f6-ijn-9-351){ref-type="fig"}. The agglomeration of the synthesized MNPs was very strong due to the van der Waals forces between the particles.[@b58-ijn-9-351] After the surface coating, the agglomeration of the KA-CS-MNPs and KA-PEG-MNPs nanocomposites was reduced. This result indicated that the coating of the MNPs with CS and PEG decreased van der Waals forces between the MNPs.[@b59-ijn-9-351] The agglomeration observed in [Figure 6](#f6-ijn-9-351){ref-type="fig"} also provides insights into the antibacterial properties presented in the discussion below, as those particles with greater agglomeration decreased bacteria interactions and surface area exposure.

In vitro release study of KA from the nanocomposites
----------------------------------------------------

The release profiles of KA from the KA-CS-MNPs and KA-PEG-MNPs nanocomposites and the physical mixture of KA with polymers and MNPs are shown in [Figure 7](#f7-ijn-9-351){ref-type="fig"}. It can be seen from [Figure 7A](#f7-ijn-9-351){ref-type="fig"} that the physical mixture of KA with polymers and MNPs exposed to a pH of 7.4 released KA quickly; the release was completed within 10 minutes. The release rate of KA from the KA-CS-MNPs and KA-PEG-MNPs nanocomposites are obviously slower than that from the physical mixture as shown in the [Figure 7B](#f7-ijn-9-351){ref-type="fig"}, indicating that both the nanocomposites are potential drug controlled release systems which can be further tailored in future studies for specific applications. The slower release may be attributed to the hydrogen bond interactions between the polymers and KA as well as the aggregations that occurred in these nanocomposites.

The percentage release of KA from the KA-CS-MNPs nanocomposite reached about 81.0% within about 8,000 minutes ([Figure 7B](#f7-ijn-9-351){ref-type="fig"}, [I](#f7-ijn-9-351){ref-type="fig"}) compared to about 99.8% within about 2,000 minutes ([Figure 7B](#f7-ijn-9-351){ref-type="fig"}, [II](#f7-ijn-9-351){ref-type="fig"}). The differences in the release rate of KA from KA-CS-MNPs and KA-PEG-MNPs nanocomposites may be due to the difference in number of hydrogen bonds which formed between the KA and polymers. In [Figure 3](#f3-ijn-9-351){ref-type="fig"}, we can see the number of possible hydrogen bonds formed between the drug and CS was more than KA and PEG.

Release kinetics of KA from KA-CS-MNPs and KA-PEG-MNPs
------------------------------------------------------

The release behavior of KA from the KA-CS-MNPs and KA-PEG-MNPs nanocomposites can be described by different kinetics models, pseudo first-order ([Equation 2](#fd3-ijn-9-351){ref-type="disp-formula"}),[@b60-ijn-9-351] pseudo second-order ([Equation 3](#fd4-ijn-9-351){ref-type="disp-formula"}),[@b10-ijn-9-351] Higuchi model ([Equation 4](#fd5-ijn-9-351){ref-type="disp-formula"}),[@b61-ijn-9-351] Hixson--Crowell model ([Equation 5](#fd6-ijn-9-351){ref-type="disp-formula"}),[@b61-ijn-9-351] and the Korsmeyer--Peppas model ([Equation 6](#fd7-ijn-9-351){ref-type="disp-formula"});[@b61-ijn-9-351]
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where q~e~ and q~t~ are the equilibrium release amount and the release amount at any time (t), respectively, and M~o~ and M~t~ are the initial amount and the amount of the drug in the nanocomposite at time t, respectively.

With the use of the five kinetic models as mentioned earlier in the release kinetic data, it was found that the pseudo second-order model is more satisfactory for describing the release kinetic processes of KA from the KA-CS-MNPs and KA-PEG-MNPs nanocomposites compared to the other models used in this work. [Figure 8](#f8-ijn-9-351){ref-type="fig"} shows the plots of t/q~t~ against time for the pseudo second-order kinetic model, and the resulting correlation coefficient as well as the rate constant k-values are given in [Table 1](#t1-ijn-9-351){ref-type="table"}.

In vitro antimicrobial activity of the KA nanocomposites
--------------------------------------------------------

In the present study, the antimicrobial activity of the synthe-sized KA-CS-MNPs nanocomposite was determined using an agar-based method against three bacterial strains of clinical significance, which can cause a range of minor to life-threatening infections in the skin due to burns and respiratory, urinary tract, gastrointestinal, or blood infections ([Figure 9](#f9-ijn-9-351){ref-type="fig"}). The antimicrobial activity of the MNPs alone as well as the KA loaded nanocomposites were tested, and it was found that MNPs did not show any antimicrobial effect on the microorganisms tested (data not shown). In contrast, the KA-CS-MNPs and KA-PEG-MNPs nanocomposites showed minimal to no antimicrobial activity against the selected microorganisms under the test conditions using the agar diffusion method as compared to the free KA, which showed comparable to less antimicrobial activity, in agreement with previous studies. Further investigation into optimal drug loading, polymer degradation, etc will improve the antimicrobial activity of the KA incorporated novel nanocomposites. Specifically, for *Bacillus subtilis*, the zone of inhibition was one-half for KA alone and one-tenth for KA-CS-MNPs compared to controls. For methicillin-resistant *Staphylococcus aureus*, the zone of inhibition was two-thirds for KA alone and one-tenth for KA-CS-MNPs compared to controls. For *Salmonella enterica*, the zone of inhibition was one-half for KA alone and was one-fifteenth for the KA-CS-MNPs compared to controls. At the drug concentrations used and time point studied, no zone of inhibition was clearly observed for any of the bacteria and KA-PEG-MNPs. Such results may be expected due to the aforementioned decreased KA loading for KA-PEG-MNPs compared to KA-CS-MNPs.

The antimicrobial activity of KA and its derivatives against a number of microorganisms was reported previously;[@b29-ijn-9-351],[@b45-ijn-9-351],[@b48-ijn-9-351],[@b62-ijn-9-351],[@b63-ijn-9-351] there are no similar reports in the literature for KA nano-composites. Incorporating other derivatives of KA of higher antibacterial activity may also reveal additional information towards understanding the antimicrobial activity of KA-polymer-nanocomposites and their applications. Nonetheless, this study provided critical evidence of KA loading into composites as a new strategy into nanoantimicrobials to treat microbial infections that can be enhanced in further studies.

Conclusion
==========

KA-CS-MNPs and KA-PEG-MNPs nanocomposites were prepared in this work. The attachment of the CS and PEG onto the MNPs surface was revealed by FTIR, similarly to the loaded KA. However, studies in the biological activities of KA nano-composites have been limited, and this study is the first to report a novel nanocomposite for biomedical applications. Whereby, this work only detected minimal antimicrobial activity for the KA-CS-MNPs nanocomposite against the tested microorganisms, further studies on the possible biological activities are underway. Thus, this study provided promising evidence for KA and KA-CS-MNPs in antibacterial applications, and their potential therapeutic role deserves further attention.

The authors would like to thank the Malaysian Ministry of Higher Education for supporting this research to be conducted in Universiti Putra Malaysia under grant ERGS/1/11/STG/UPM/01/18 (vote 5527050).

**Disclosure**

The authors report no conflicts of interest in this work.

![Powder X-ray diffraction patterns of (**A**) MNPs, (**B**) KA-CS-MNPs, and (**C**) KA-PEG-MNPs nanocomposites.\
**Abbreviations:** KA-CS-MNPs, kojic acid-chitosan-iron oxide nanoparticles; KA-PEG-MNPs, kojic acid-polyethylene glycol-iron oxide nanoparticles; MNPs, iron oxide magnetic nanoparticles.](ijn-9-351Fig1){#f1-ijn-9-351}

![FTIR spectra of (**A**) MNPs, (**B**) KA-CS-MNPs, (**C**) KA-PEG-MNPs, and (**D**) free KA.\
**Abbreviations:** FTIR, Fourier transform infrared spectroscopy; KA, kojic acid; KA-CS-MNPs, kojic acid-chitosan-iron oxide nanoparticles; KA-PEG-MNPs, kojic acid-polyethylene glycol-iron oxide nanoparticles; MNPs, iron oxide magnetic nanoparticles.](ijn-9-351Fig2){#f2-ijn-9-351}

![Schematic representation of the interaction between KA, CS, and MNPs in the KA-CS-MNPs nanocomposite (**A**) and between KA, PEG, and MNPs in the KA-PEG-MNPs nanocomposite (**B**).\
**Abbreviations:** CS, chitosan; KA, kojic acid; KA-CS-MNPs, kojic acid-chitosan-iron oxide nanoparticles; KA-PEG-MNPs, kojic acid-polyethylene glycol-iron oxide nanoparticles; MNPs, iron oxide magnetic nanoparticles; PEG, polyethylene glycol.](ijn-9-351Fig3){#f3-ijn-9-351}

![TGA curves for MNPs, CS-MNPs, and KA-CS-MNPs (**A**) and MNPs, PEG-MNPs, and KA-PEG-MNPs (**B**), with insets showing the TGA curves of pure CS and PEG, respectively.\
**Abbreviations:** CS, chitosan; CS-MNPs, chitosan-iron oxide nanoparticles; KA-CS-MNPs, kojic acid-chitosan-iron oxide nanoparticles; KA-PEG-MNPs, kojic acid-polyethylene glycol-iron oxide nanoparticles; MNPs, iron oxide magnetic nanoparticles; PEG, polyethylene glycol; PEG-MNPs, polyethylene glycol-iron oxide nanoparticles; TGA, thermogravimetry analysis.](ijn-9-351Fig4){#f4-ijn-9-351}

![Magnetization curves of (**A**) MNPs, (**B**) KA-CS-MNPs, and (**C**) KA-PEG-MNPs nanocomposites recorded at room temperature.\
**Abbreviations:** KA-CS-MNPs, kojic acid-chitosan-iron oxide nanoparticles; KA-PEG-MNPs, kojic acid-polyethylene glycol-iron oxide nanoparticles; MNPs, iron oxide magnetic nanoparticles, O~e~, applied magnetic field.](ijn-9-351Fig5){#f5-ijn-9-351}

![Scanning electron microscopy images of MNPs, KA-CS-MNPs, and the KA-PEG-MNPs.\
**Abbreviations:** KA-CS-MNPs, kojic acid-chitosan-iron oxide nanoparticles; KA-PEG-MNPs, kojic acid-polyethylene glycol-iron oxide nanoparticles; MNPs, iron oxide magnetic nanoparticles.](ijn-9-351Fig6){#f6-ijn-9-351}

![(**A**) Release profiles of KA from the physical mixture of KA+MNPs+CS or KA+MNPs+PEG at pH 7.4, and (**B**) release profiles of KA from the KA-CS-MNPs (I) and KA-PEG-MNPs (II) nanocomposites at pH 7.4. Inset in (**B**) shows the release profiles of KA from KA-PEG-MNPs.\
**Abbreviations:** KA, kojic acid; KA+CS+MNPs, physical mixture of kojic acid, chitosan, and iron oxide nanoparticles; KA-CS-MNPs, kojic acid-chitosan-iron oxide nanoparticles; KA+PEG+MNPs, physical mixture of kojic acid, polyethylene glycol, and iron oxide nanoparticles; KA-PEG-MNPs, kojic acid-polyethylene glycol-iron oxide nanoparticles.](ijn-9-351Fig7){#f7-ijn-9-351}

![Fitting of data for KA release from (**A**) KA-CS-MNPs and (**B**) KA-PEG-MNPs nanocomposites for pseudo second-order kinetic model at pH 7.4.\
**Abbreviations:** CS-MNPs, chitosan-iron oxide nanoparticles; KA, kojic acid; PEG-MNPs, polyethylene glycol-iron oxide nanoparticles; KA-CS-MNPs, kojic acid-chitosan-iron oxide nanoparticles; KA-PEG-MNPs, kojic acid-polyethylene glycol-iron oxide nanoparticles.](ijn-9-351Fig8){#f8-ijn-9-351}

![Antimicrobial activity of 1) kojic acid, 2) KA-CS-MNPs, and 3) KA-PEG-MNPs nanocomposites using an agar diffusion method against different microorganisms.\
**Notes:** (**A**) *Bacillus subtilis,* (**B**) methicillin-resistant *Staphylococcus aureus*, and (**C**) *Salmonella choleraesuis* showing the antimicrobial activity of 1), whereby 2) showed some and 3) lacked antimicrobial activity as compared to control antibiotics 4).\
**Abbreviations:** KA-CS-MNPs, kojic acid-chitosan-iron oxide nanoparticles; KA-PEG-MNPs, kojic acid-chitosan-iron oxide nanoparticles.](ijn-9-351Fig9){#f9-ijn-9-351}

###### 

Correlation coefficients (*R*^2^) obtained by fitting the KA release data from KA-CS-MNPs and KA-PEG-MNPs nanocomposites in phosphate-buffered saline solutions at pH 7.4

  Samples       Saturation release (%)   *R*^2^                              
  ------------- ------------------------ -------- -------- -------- -------- --------
  KA-CS-MNPs    81.0                     0.9661   0.9936   0.9168   0.9066   0.9726
  KA-PEG-MNPs   99.8                     0.9936   0.9998   0.8457   0.9609   0.9026

**Abbreviations:** CS-MNPs, chitosan-iron oxide nanoparticles; KA, kojic acid; KA-CS-MNPs, kojic acid-chitosan-iron oxide nanoparticles; KA-PEG-MNPs, kojic acid-polyethylene glycol-iron oxide nanoparticles; PEG-MNPs, polyethylene glycol-iron oxide nanoparticles.
